Si, Ge, SiC, and diamond samples were implanted with H 2 ϩ at 120-160 keV with 5.0 ϫ10 16 ions/cm 2 ͑corresponding to 1.0ϫ10 17 H ϩ ions/cm 2 ) and annealed at various temperatures to introduce hydrogen filled microcracks. An effective activation energy was determined for the formation of optically detectable surface blisters from the time required to form such blisters at various temperatures. The measured effective activation energies are close to the respective bond energies in all four materials. The time required to completely split hydrogen implanted layers from bonded silicon substrates and to transfer them onto oxidized silicon wafers is a factor of about 10 longer. Both processes, blister formation and layer splitting, show the same activation energy. © 1997 American Institute of Physics. ͓S0003-6951͑97͒03211-7͔
The substrate from which the hydrogen implanted layer is split can be reused, and a good thickness uniformity of the split layer is achieved by the hydrogen implantation. An understanding of the layer-splitting behavior of hydrogenimplanted materials which is just emerging for the case of silicon, 3 is vital to implement the layer transfer approach for different material combinations. We investigated the behavior of hydrogen implanted materials consisting of group IV elements ͑Si, Ge, diamond͒ or one of their compounds ͑SiC͒. All of these materials including diamond 4 can be bonded to mirror-polished substrates, provided these materials are mirror polished themselves or covered with appropriate intermediate layers ͑such as a SiO 2 layer͒ which has been polished. Layer splitting and transfer to a substrate requires the combination of waver bonding and the development of hydrogen-induced microcracks extending parallel to the bonding interface during a subsequent annealing step. In this letter, we report the effective activation energies of the times required to form hydrogen-induced surface blister in unbonded samples or to accomplish layer splitting in bonded samples, and the different time requirements for these two processes. Based on these observations a speculative layer splitting mechanism is suggested. The application of the approach to realize a SiC layer on a high-temperature glass is also briefly mentioned.
The material and implantation parameters of the single crystalline Si, Ge, SiC, and diamond used in this study are listed in Table I . The maximum temperature during the implantation was controlled to stay below 200°C.
To investigate hydrogen-induced microcrack formation, the hydrogen implanted Si, Ge, and SiC wafers were cut into small pieces of about 2ϫ7 mm which were then annealed at various temperatures in air. The diamond samples of 3 mm in diameter with 1.2 mm in thickness were annealed in nitrogen to prevent graphitization which starts at ϳ500°C in an oxidizing ambient. In order to achieve a high accuracy, the furnace temperature was preset before the samples were put in and the samples were taken out of the furnace rapidly at the end of the annealing time and quickly cooled down to room temperature as their thermal capacities are very small. Optical microscopy and cross-sectional transmission electron microscopy ͑TEM͒ were used for detection of hydrogen microcrack formation. An example of a microcrack in Ge is shown in the cross-sectional TEM picture of Fig. 1 . In most cases of unbonded implanted materials, bulges or blisters appeared on the surface of the samples after appropriate annealing. Such features with a diameter of about 2.5 m can easily be detected by an optical microscope with a magnification of 400. For convenience, we defined this stage as the onset of optically detectable microcrack formation.
Hydrogen implanted Si wafers were also directly bonded at room temperature to Si wafers covered with 1 m thermal oxide and annealed at 160°C to enhance the bond energy before the bonded wafers were treated at various temperatures to split the implanted layers. SOI structures were also realized for entire 4 in. wafers. Small pieces as well as whole 1.375 in. hydrogen implanted SiC wafers were anodically bonded to a high-temperature glass which was specifically developed at the Max-Planck Institute of Solid State Research in Stuttgart with a thermal expansion coefficient close to silicon and is stable up to about 800°C. 5 The bonded SiC/glass pairs were thermally treated at 725°C to split the hydrogen implanted SiC layers onto the glass substrates. These experiments will be published in detail elsewhere. 6 Hydrogen implanted Ge layers were also transferred to glass substrates by anodic bonding and layer splitting.
The times required to form hydrogen-induced microcracks which were sufficiently large to lead to optically detectable surface blisters on the Si, Ge, SiC, and diamond samples was determined at various temperatures as shown in Fig. 2. From Fig. 2 
where k is Boltzmann's constant, T the absolute temperature, and is compared with the bond energies of Si-Si, Ge-Ge, Si-C, and C-C ͑diamond͒ in Table II .
After hydrogen implantation, the originally hydrophilic surfaces of the silicon wafers had changed into being strongly hydrophobic. In contrast to normal hydrophobic Si wafer surfaces which are formed by a dip in dilute HF, the surfaces of the H-implanted silicon wafers remain hydrophobic after RCA1 cleaning for 10 min at 85°C. Immersion of the RCA cleaned wafers in water for more than 15 h at room temperature is required to convert the surfaces back to a hydrophilic state. It is believed that implanted hydrogen can break Si-Si bonds and react with silicon to form a hydrogen terminated surface with passivated surface vacancies. 7 The unusually high surface concentration of hydrogen may be attributed to the additional trapping at implantation-induced surface defects. 8 Similar effects were also observed in the case of Ge wafers. The time required to convert the surfaces from hydrophobic to hydrophilic by immersing in water was even longer for Ge wafers.
It is known 9 that even at room-temperature implanted hydrogen in bulk Si can react with broken Si-Si bonds at implantation-induced defects to form Si-H bonds. Moreover, the implanted hydrogen leads to the formation of planar defects or platelets which later on develop into microcracks. In order to check whether there is a difference in hydrogen blister formation between implantations with H ions/cm 2 ) were implanted into silicon. No differences in blister formation were found at temperatures above 218°C. It is believed that the H 2 ϩ ion splits upon impact with the Si wafer surface, coming to rest as a hydrogen atom.
For the H-implanted Si/oxidized Si bonded pairs, the time required to completely split the H-implanted layers from the silicon substrates and transfer them onto the oxidized silicon wafers at various temperatures was measured. The results are shown in Fig. 3 . Compared with the time needed to form hydrogen microcracks leading to optically detectable surface blisters, the time for large area layer splitting after bonding is about ten times longer. However, the effective activation energies for the two procedures are basically the same as can be seen from Fig. 3 which indicates that the same atomistic process also dominates the layersplitting stage. The method and results shown in Figs. 2 and 3 can serve as design guidelines of process windows for the layer transfer approach.
There appears to exist a minimum critical temperature for each H-implanted material below which the time to form hydrogen-induced surface blisters is much longer than that predicted by the respective effective activation energies. As can be seen in Fig. 1 , for silicon the critical temperature is about 218°C, for Geϳ200°C, for SiC ϳ650°C, and for diamond ϳ850°C. The explanation for this phenomenon is still under investigation.
So far, the materials for which we were able to detect microcrack generation in sufficient amount to allow formation of optically detectable surface blisters after hydrogen implantation and annealing are group IV elements or compounds. Other materials investigated such as GaAs, InP, or Al 2 O 3 have failed to show the same blistering phenomenon in unbonded samples. For these materials the use of helium implantation 10 with higher doses might lead to successful layer splitting.
Let us finally speculate on the meaning of the effective activation energies E a determined from the times to observe optically detectable surface blisters. Microscopically, initially many tiny platelets are formed which develop into microcracks. The larger and energetically more favorable microcracks grow at the expense of smaller microcracks 11 in terms of a kind of two-dimensional Ostwald ripening process 12 until hydrogen-filled microcracks have reached a size which can be optically detected as surface blisters. The activation energy of a usual Ostwald ripening process is associated with the sum of the activation energies of migration and formation of the diffusing species. In the case of micro- 
